Cell-free protein-synthesizing systems from Escherichia coli and wheat germ were compared for their capacity to support the translocation of secretory proteins across microsomal membranes derived from mammalian endoplasmic recticulum. Three different secretory proteins, two of bacterial and one of eucaryotic origin, were tested in this respect. In all three cases a contrast between the results in the eucaryotic and procaryotic protein-synthesizing systems was revealed. Whereas the eucaryotic system, ps expected, supported the translocation of nascent secretory proteins across the microsomal membranes, the procaryotic system failed to do so. This failure was not due to the absence of a translocation-promoting activity or the presence of a translocation-blocking activity in the procaryotic system. These results demonstrate a specificity in the requirement of components of the protein-synthesizing machinery for protein translocation. These components might participate in forming a functional ribosome-membrape junction during protein translocation. The nascent secretory chain alone is not sufficient for making this junction, which might involve the postulated binding of the ribosome to the signal recognition particle or another component of the membrane.
Protein translocation across the mammalian endoplasmic reticulum (ER) membrane is a receptor-mediated and cotranslational process. As a consequence, components of the protein-synthesizing apparatus could be required for protein translocation. Indeed, the existence of ribosome receptors on membranes involved in protein translocation has been postulated and investigated (for reviews see references 19, 20, 40, and 54) . Two main approaches were employed for investigation. One approach focused on the isolation of components associated with ribosomes bound to the ER membranes. The second approach focused more on a functional assay for defining components involved in mediating the cotranslational translocation of nascent secretory chains into or across ER membranes.
Following the first approach, two proteins, ribophorins I and II, were purified from rough microsomes of rat liver. These were absent from smooth microsomes and comigrated with ribosomes in sucrose gradients upon solubilization of the microsomes with detergent (24) . Furthermore, they could be cross-linked to ribosomes (23) . The rough ER membrane contained roughly equivalent amounts of ribophorins and ribosomes (22) . These proteins were also found in a variety of other species as indicated by antibody cross-reactivity (28) . However, no direct demonstration of the involvement of these proteins in ribosome binding to membranes has been provided. To the contrary, evidence has been given that microsomal preparations devoid of ribophorins function normally in translocating secretory proteins (2) . A variety of other proteins (11, 35, 47) have been implicated in ribosome binding, but no direct evidence was presented.
In the functional approach, three components were isolated from microsomal membranes and found to be necessary for protein translocation. These are the signal recognition particle (SRP) (49) , docking protein (DP) or SRP * Corresponding author.
receptor (14, 30) , and signal peptidase (9) . A plausible model which accounts for the initial stages in protein translocation has gradually evolved. In this model SRP arrests nascent chain elongation at a specific site (51) . The nascent chain is then targeted (50) to the microsome surface by interacting with DP (30) ; SRP is then displaced (12) , and the nascent chain inserts into the microsomal membrane (13) . From this model two sites can be envisioned where components of the translation apparatus might affect translocation: (i) ribosome-receptor interaction and (ii) a component interacting with SRP in the process of elongation arrest. However, details of the actual translocation mechanism across the membrane are still lacking. Many mechanistic models were postulated, but they still await rigorous experimental evidence (3, 4, 8, 48) .
In procaryotes, the translocation process is much less understood. A 64-kilodalton membrane protein was implicated in ribosome binding (18) , and a proteinase-sensitive component of the cytoplasmic membrane was implicated in protein translocation (44) . Moreover, a soluble factor was isolated and found to be necessary for translocation across inverted vesicles (32) . The genetic evidence strongly supports the existence of such factors (for a recent review see reference 36).
In this report we present evidence that recognition of the nascent secretory chain by microsomal membranes derived from mammalian ER can occur only in the context of a specific translation apparatus.
MATERIALS AND METHODS
Escherichia coli RNA polymerase and 7mGpppA were from P-L Biochemicals, Inc., placental RNase inhibitor was from Bethesda Research Laboratories, Inc., reticulocyte lysate (N150) and [35S]methionine (1,000 Ci/mmol) were from Amersham Corp., England. Cell-free lysate from wheat 1604 IBRAHIMI AND FUCHS described (21, 51) . Phage M13 DNA was a gift from T. Antipaolo, European Molecular Biology Laboratory, and antibodies to M13 coat protein were a gift from R. Zimmerman, Munich. Plasmid pTD101 was a gift from D. Meyer, and plasmid pDS-5R was a gift from J. Lipp, European Molecular Biology Laboratory.
Plasmid construction. Plasmid pDS-GM was constructed by using plasmid pDS-5R and cDNA of the granulocyte macrophage colony-stimulating factor (Gmcsf). Plasmid pDS-5R ws cut with BamHI, and the ends were filled in with DNA polymerase I (Klenow fragment). This was followed by digestion with HindIlI. The cDNA of Gmcsf was originally obtained on a BamHI-EcoRI fragment from plasmid pGM3.2 (16) and cloned in plasmid pDS5 cut with BamHI and PstI (46) . From the resulting plasmid called pDS7 a StuI-HindIII fragment was excised. This fragment, containing the coding region of Gmcsf, was purified and ligated to plasmid pDS-5R prepared as described above. Competent E. coli HB101 cells were transformed with the ligation mixture. Transformed colonies were used to isolate plasmid DNA, and this was checked for the presence of the cDNA fragment of Gmcsf. DNA from one of the colonies contained the expected BamHI-HindIII fragment of Gmcsf. From this colony, large-scale DNA preparation was done by the cleared lysate method followed by CsCl-ethidium bromide equilibrium centrifugation (27) .
The construction of plasmid pSP-CAT1, which has a type I variant of chloramphenicol acetyltransferase (Cat) protein fused to the signal sequence of E. coli heat-labile enterotoxin subunit B will be described elsewhere (R. Gentz, manuscript in preparation).
Preparation of cell-free protein-synthesizing system and inverted vesicles from E. coli. Three components of E. coli lysates were prepared and partially purified essentially as previously described (10) . These are the protein fraction, the initiation factors, and the ribosomal fraction. The cells were disrupted with glass beads in a shaking homogenizer. The beads were removed by filtration, and debris was removed by centrifugation. The ribosomes were pelleted by centrifugation. From the supernatant, the protein fraction was isolated by DEAE-cellulose chromatography. The ribosomal pellet was suspended and preincubated with ATP, phosphoenolpyruvate, and pyruvate kinase for 1 h at 37°C. The ribosomes were then pelleted and washed by suspension in 0.5 M KCl. The pellet was suspended, dialyzed, and stored at -80°C in small samples. From the supematant the initiation factors were obtained by ammonium sulfate precipitation and partially purified by chromatography on DEAE-cellulose. These fractions were used in the coupled transcription-translation assay described below.
Inverted vesicles were prepared from E. coli Q13 (RNase 1 negative, polynucleotide phosphorylase negative) as previously described, with some modifications (33) . The bacteria were grown, collected, washed, and stored at -80°C as described before (10) . The pellet was partially lysed by three rounds of freezing and thawing. It was then suspended at 1 mg of pellet per ml of buffer and passed twice through the French press at 7,500 lb/in2. From this homogenate inverted vesicles were prepared, aliquoted, frozen in liquid nitrogen, and stored at -80°C (33) .
Protein synthesis and translocation assays. Plasmid DNA was transcribed by purified E. coli polymerase in the presence and absence of the capping structure 7mGpppA as previously described (46) . The resulting mRNA was translated in either wheat germ or E. coli lysate. Translations in the wheat germ lysate were done as described elsewhere (H. of each of the three components of the lysate and 5 ,ul of the total transcription mixture, without the capping structure, were used in a final volume of 15 pul as described previously (15) . [35S] methionine was used at 1 jiCi/p.l of translation mixture. For protein translocation SRP or microsomes which were washed with high salt and treated with nuclease to deplete them of ribosomes and SRP (or both) were included in the translation mixture; blanks containing all compensating buffers and ions were added to control translations as indicated in figure legends. N-linked glycosylation was blocked by the addition of the acceptor peptide benzoylAsn-Leu-Thr-N-methylamide to a final concentration of 30 puM (1, 26) .
Posttranslational treatments. After translation, samples were subjected to proteinase K treatment, immunoprecipitation, or separation of the microsomes from the translation mixture by centrifugation as indicated in figure legends. Digestion with proteinase K at a concentration of 200 pig/ml was allowed to proceed for 60 min on ice in the presence of 10% sucrose. The reaction was stopped by adding phenylmethylsulfonyl fluoride to a final concentration of 2 mM. Separation of the microsomes from soluble components was done by centrifugation in a Beckman airfuge for 20 min at 20 lb/in2, and the pellet was carefully recovered. Immunoprecipitation was done as previously described (5).
Analysis of translation products. All samples except pelleted microsomes and immunoprecipitates were precipitated with 10% trichloroacetic acid on ice. The pellets were solubilized in sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis as previously described (25) . Radioactive protein bands were visualized by fluorography with En3Hance (New England Nuclear Corp.).
RESULTS
Wheat germ lysates but not E. coli lysates promote the translocation of pre-Bla across ER membranes. Pre-3-lactamase (pre-Bla), a bacterial secretory protein, was previously shown to be translocated by ER membranes in an SRP-dependent manner (34) . The translocation of pre-Bla across ER membranes is compared here in wheat germ and E. coli lysate. Plasmid pTD101 contains the gene for ,3-lactamase (Bla) which is responsible for conferring penicillin resistance in transformed E. coli. DNA of this plasmid was transcribed by E. coli polymerase, and the resulting mRNA was translated in a wheat germ cell-free system. This resulted in only one major protein which corresponded to pre-Bla on the basis of molecular weight and reaction with specific antibodies.
Pre-Bla was translocated by the microsomes when wheat germ lysate was used for translation ( Fig. 1) . SRP arrested pre-Bla nascent chain synthesis and, when the microsomes were added, led to its segregation inside the microsomes as previously reported (34) . The arrest of pre-Bla chain synthesis by SRP was specific, since the synthesis of a cytoplasmic protein (dihydrofolate reductase) which was tested in the same manner was not affected by SRP (Fig. 1B) . The translocation of pre-Bla into the microsomes was evidenced by the association of Bla with the microsomes and its protection from digestion by proteinase K. We tested the ability of ER-derived microsomes to translocate pre-Bla synthesized in E. coli lysate. For this purpose we used the partially purified and reconstituted cell-free system from which all endogenous processing activity was eliminated. In this system, SRP failed to cause any arrest in pre-Bla synthesis, and the microsomes with SRP failed to process it (Fig. 2, lanes 1 through 4) . We further tested whether the lack of pre-Bla processing reflected a lack of translocation by separating the microsomes from the soluble components of a translation mixture; this was the case (Fig. 2, lanes 5 through  10) . All of the precursor stayed in the supernatant, and it was degraded completely by proteinase K, leaving only traces of the proteinase K-resistant fragment in the absence and presence of the microsomes.
E. coli lysates promote translocation into inverted vesicles and do not inhibit the translocation activity of the microsomal membranes. Since our E. coli cell-free system was reconstituted from partially purified components, the question arose whether a component necessary for translocation is missing in this system. This is not the case, since inverted vesicles from E. coli were capable of processing pre-Bla to Bla, which was protected from proteinase K digestion (Fig. 3A) . The inability of E. coli lysates to promote translocation across microsomal membranes could be due to inactivation of components of the translocation system, such as SRP or DP. To test this possibility we added the 3 ,ul of E. coli lysate used for translation together with tetracycline (50 ,ug/ml) to the translation assay mixtures in the wheat germ system. This treatment had no effect on the translocation activity of the microsomes (Fig. 3B, lanes 1 through 4, 7 , and 8). SRP still blocked nascent chain synthesis, and the added microsomes led to translocation of pre-Bla. The added E. coli lysate did not have translation activity under these conditions (Fig. 3B, lanes 5 and 6) that crude E. coli lysate inhibited the translation capacity of wheat germ lysate and that the use of the purified translation components was essential to avoid this inhibition.
When a functional ribosome-membrane junction is not needed, the microsomes can translocate a preprotein made in E. coli lysates. We next argued that the failure of the microsomes to translocate preproteins in E. coli lysates was due to lack of specific recognition between the nascent secretory chain in the context of E. coli ribosomes and specific receptors on the microsomal membrane. We tested this possibility by studying the translocation of M13 precoat protein. This protein was shown previously (53) to be translocated by the microsomes in a posttranslational manner, independent of SRP and DP. In this case, the microsomes were capable of translocating and processing precoat protein (Fig. 4) .
The signal sequence of E. coli enterotoxin B does not direct translocation of nascent chains into ER microsomes in E. coli lysate. To test whether the inability of ER microsomes to translocate pre-Bla in E. coli lysate was due to a certain feature of this secretory protein, we tested the ability of the signal sequence of another bacterial protein to direct translocation of nascent chains into ER microsomes in both wheat germ and E. coli lysates. For this purpose, we used plasmid pDS-CAT1 (Materials and Methods). Plasmid DNA was transcribed, and the resulting RNA was translated in both systems. Figure 5A shows the results with the wheat germ lysate. As expected, the synthesis of the fusion protein shown in Fig. 6 . The sticky end-blunt end ligation of the Gmcsf cDNA insert resulted in only the right orientation and regenerated the BamHI site which was used to check for the presence of the insert. Details of the cloning procedure are described in Materials and Methods.
The plasmid DNA was transcribed, and the resulting mRNA was translated in both wheat germ and E. coli lysates. In the wheat germ lysate, synthesis of pre-Gmcsf with seven amino acids at the amino terminal, pre-Gmcsf+, is arrested by SRP with the corresponding appearance of a series of arrested peptides (Fig. 7 and I (Fig. 5A, lane 8) . Figure 513 shows the results with the E. coli lysate. Like pre-Bla, Sp-Cat+ was not processed by the microsomes, and its synthesis was not arrested by SRP. The lack of processing is due to lack of translocation, since no polypeptide chain was specifically protected by the microsomes against proteinase K digestion (Fig. 5B, lanes 5 and 6). The Sp-Cat' protein had the expected molecular size and was immunoprecipitated by anti-Cat antibodies (Fig. 5B,  lane 7) .
A eucaryotic secretory protein is also not translocated by ER microsomes in E. coli lysates. Since the two preproteins tested above are both bacterial, it could be argued that the observed inability of ER microsomes to translocate them is due to subtle features of procaryotic preproteins in general. To test this possibility we used plasmid pDS-GM. In this plasmid, the coding region of Gmcsf was inserted behind a bacterial ribosome-binding site. A diagramatic representation of the joining of Gmcsf to the ribosomal binding site is 7) . Acceptor peptides for N-linked glycosylation were included during translation (lanes 5 through 7). After translation, the samples were subjected to proteinase K (PK) treatment in the absence (lane 6) and presence (lane 7) of 0.5% Triton X-100. Translation products as in lane in the translocation process. This possibility has been investigated in both procaryotic and eucaryotic systems. For instance, wheat germ ribosomes were found to interact functionally with animal microsomal membranes (7).
Here we studied the possible interaction between procaryotic ribosomes carrying a nascent secretory chain and mammalian ER. We have compared cell-free lysates from wheat germ and E. coli for their capacity to promote secretory protein translocation across mammalian ER microsomes. Two procaryotic secretory proteins and one eucaryotic protein have been tested in this respect. In all three cases the wheat germ translation system promoted translocation of the secretory protein across the microsomal membrane, whereas the E. coli translation system did not.
We postulate that the inability of the mammalian microsomes to translocate secretory proteins in E. coli lysates is due to the lack of specific recognition between the microsomes and the nascent secretory chain in the context or E. coli ribosomes. This conclusion is supported by four lines of experimental evidence. First, the inability to translocate was a general observation not dependent on the particular secretory nascent chain being translated but rather on the translation system. Second, the E. coli cell-free system was capable of supporting translocation across inverted vesicles, indicating that this system does not lack translocation-promoting components across homologous membranes. Third, the addition of E. coli purified translation components together with a procaryotic protein synthesis inhibitor to wheat germ lysate did not block the translocation capacity of the microsomes, indicating that the block in translocation occurs only when the nascent secretory chain is synthesized on E. coli ribosomes and that the E. coli lysates did not contain a translocation blocking activity. Fourth, for a protein which can be translocated posttranslationally without the use of proteinaceous membrane components (53) , translocation by the microsomes could still take place in E. coli lysates, strongly suggesting that the block in cotranslational translocation of the nascent secretory chain in the context of E. coli ribosomes is due to its inability to form a functional junction with the microsomes.
Heterologous translocation assays have proved to be most useful in dissecting the translocation pathway in mammalian ER. The use of ER-derived microsomes in cell-free lysates derived from wheat germ formed the basis for the identification and isolation of SRP (49) and DP (14, 30) . Furthermore, the SRP-induced arrest of nascent chain elongation could be observed only in wheat germ lysates (29) .
In this report we expanded the degree of heterology by studying preprotein translocation by ER microsomes in E. coli cell-free lysates. SRP and DP were not able to mediate translocation of secretory chains, probably due to the absence of specific recognition between the nascent secretory chains carried on E. coli ribosomes and the mammalian microsomes. This recognition might involve, in addition to SRP and DP, a specific ribosome receptor that also fails to recognize the E. coli ribosomes. That ribosome receptors on mammalian microsomes do not recognize nascent secretory chains carried on E. coli ribosomes is consistent with the structural difference between eucaryotic and procaryotic ribosomes. Attempts to bind E. coli ribosomes directly to microsomes were also not successful (W. Mok, C. Freienstein, D. Sabatini, and G. Kreibich, Abstr. Int. Congr. Cell Biol. 1177:393a, 1986).
Although we find this to be the most plausible conclusion from our results, other interpretations cannot be excluded. In wheat germ cell-free lysates, SRP induces arrest in nascent chain synthesis (51) and mediates the insertion of the nascent chain into the membrane (50) . It can be argued that the failure of SRP to induce arrest in nascent chain synthesis on E. coli ribosomes together with the subsequent failure of translocation may reflect a lack of recognition between the mammalian SRP and the nascent chain in the context of E. coli ribosomes, which can account for the lack of recognition by the microsomes. This, however, does not exclude the involvement of ribosonie receptors in translocation; it rather puts the block in translocation at an earlier stage. Furthermore, lack of arrest does not necessarily reflect complete lack of recognition, since SRP does recognize nascent secretory chains in HeLa cell and reticulocyte lysates but fails to induce nascent chain arrest (29) . Also SRP subparticles have been isolated and were found to promote translocation but not nascent chain elongation arrest in wheat germ lysates (42, 43) .
It was suggested previously that the nascent secretory chain in bacteria is the sole attachment of ribosomes to membranes based on the release of the nascent chain and the ribosome from polysomes upon treatment with puromycin (45) compared with eucaryotes, where treatment with puromycin leaves the ribosomes bound to the membrane (22) . These findings implied that a different mechanism is involved in the attachment of bacterial ribosomes to membranes. If this mechanism did not involve specific receptors, then one would expect nascent secretory chains on bacterial ribosomes to provide attachment to ER microsomal membranes. The absence of such attachment strongly suggests that, at least in this case, specific recognition is involved in the attachment of the nascent chain to the membrane.
Finally, the requirement of a ribosome-membrane junction for protein translocation seems to be obligatory only in the case of mammalian ER membranes. For membranes derived from many other sources including bacteria (6, 33, 38) , glyoxysomes (55) , chloroplasts (17) , mitochondria (41) , and Saccharomyces cerevisiae (16a, 39, 52) , posttranslational translocation of preterminated chains was demonstrated. In the ER membrane the translocation of preformed domains was shown to take place, but only when the chain was still attached to the ribosome (37) . Removal of the ribosomes greatly diminished the observed posttranslational translocation (31, 37) . Failure to observe posttranslational translocation by mammalian ER membranes could be due to the fact that precursor chains lose translocation competence very quickly after chain termination. To avoid this limitation, the presence of membranes would have to coincide with chain termination. With the slow and nonsynchronous process of polypeptide chain synthesis in the in vitro system, such a requirement was difficult to achieve. In the heterologous translocation system we described here, the ER membranes were present all during chain synthesis, yet no translocation was observed. These results indicate that, at least for the proteins we tested, translocation did not take place in the context of E. coli ribosomes or after being released from the ribosomes, leading to the conclusion that specific recognition of the nascent secretory chain in the context of the ribosome was essential in the translocation process across mammalian ER membranes. Whether this recognition involves the ribosome directly or is mediated by a soluble component of the protein-synthesizing system remains an open question.
